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Abstract: Improving adaptation of staple crops in developing countries is important to ensure food security. In theWest African
country of Niger, the staple crop sorghum (Sorghum bicolor) is cultivated across diverse agroclimatic zones, but the genetic basis
of local adaptation has not been described. The objectives of this study were to characterize the genomic diversity of sorghum
from Niger and to identify genomic regions conferring local adaptation to agroclimatic zones and farmer preferences. We
analyzed 516Nigerien accessions forwhich local variety name, botanical race, and geographic originwere known.We discovered
144 299 single nucleotide polymorphisms (SNPs) using genotyping-by-sequencing (GBS). We performed discriminant analysis of
principal components (DAPC), which identiﬁed six genetic groups, and performed a genome scan for loci with high discriminant
loadings. The highest discriminant coefﬁcients were on chromosome 9, near the putative ortholog of maize ﬂowering time
adaptation gene Vgt1. Next, we characterized differentiation among local varieties and used a genome scan of pairwise FST values
to identify SNPs associated with speciﬁc local varieties. Comparison of varieties named for light- versus dark-grain identiﬁed
differentiation near Tannin1, the major gene responsible for grain tannins. These ﬁndings could facilitate genomics-assisted
breeding of locally adapted and farmer-preferred sorghum varieties for Niger.
Key words: sorghum, agroclimatic zones, genomics, local adaptation, genomics-enabled breeding, sub Saharan Africa.
Résumé : L’amélioration de cultures dans les pays en développement est importante aﬁn d’assurer sécurité alimentaire. En
Afrique de l’Ouest, particulièrement au Niger, le sorgho (Sorghum bicolor) est cultivé dans différentes zones agroclimatiques.
Cependant les bases génétiques de leur adaptation locale sont peu décrites. Cette étude a pour objectifs de caractériser la
structure génétique du sorgho au Niger et d’identiﬁer les régions génomiques associées a` l’adaptation locale aux zones agrocli-
matiques et aux préférences des agriculteurs. L’analyse par le génotypage par séquençage (GBS) de 516 accessions du Niger, dont
le nom local, la race botanique et l’origine sont connus, nous a permis d’identiﬁer 144 299 polymorphismes nucléotidiques
(SNPs). La méthode d’analyse discriminante des composantes principales a identiﬁé six clusters génétiques. Le balayage gé-
nomique des coefﬁcients de discrimination a montré des locus aux coefﬁcients élevés au niveau du chromosome 9, colocalisés
avec le gene Vgt1 responsable de la variation de la date de ﬂoraison. Aussi, nous avons caractérisé la différentiation des variétés
locales. Le balayage génomique de FST entre les variétés locales Mota (grains blancs) et Jenjari (grains sombres) a identiﬁé des
locus près du Tannin1, le gène responsable des tanins. Ces résultats permettront de faciliter la sélection assistée par la génomique
de variétés de sorgho localement adaptées et préférées en Niger.
Mots-clés : sorgho, zones agroclimatiques, génomique, adaptation locale, sélection génomique, Afrique subsaharienne.
Introduction
Sorghum (Sorghum bicolor L. Moench) is a major staple crop that
is adapted to multiple agroclimatic zones of the world (Smith and
Frederiksen 2000). In smallholder production systems of Africa,
sorghum is used as food, forage, and building material, and culti-
vated under constraints such as drought, insects, weeds, and bird
predation (National Research Council 1996; Smith and Frederiksen
2000). In theWest African country of Niger, sorghum is cultivated
across agroclimatic zones deﬁned by the precipitation gradient
(Saharan, Sahelian, Sahelo–soudanian, and Soudanian) (Mohamed
et al. 2002; Deu et al. 2010). Four botanical races (durra, caudatum,
guinea, and bicolor), classiﬁed based on themorphology of the inﬂo-
rescence and grain, are found distributed across the agroclimatic
zones of Niger (Deu et al. 2010). Durra, caudatum, and their inter-
mediates are grown in the Sahelian and Sahelo–soudanian zones
(400–600 mm) while guinea is predominantly grown in the Sou-
danian zone (800 mm). Sorghum is grown by smallholder farmers
of several ethnic groups including Hausa (predominantly in cen-
tral Niger), Zarma (predominantly in western Niger), and Kanuri
(predominantly in eastern Niger).
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The sorghum breeding program at the National Institute of
Agronomic Research of Niger (INRAN) has focused on improving
local varieties by introgressing new traits conferring resistance to
biotic (Striga) and abiotic (drought, soil fertility) stressors (Ejeta
and Gressel 2007). However, the level of farmer’s adoption is lim-
ited (5%–10%) due to the lack of varieties that combine improved
yield and tolerance traits with locally preferred traits related to
maturity and grain pigmentation (Bezançon et al. 2009; Walker
and Alwang 2015). Marker-assisted selection (MAS) can accelerate
the development of new varieties with improved yield and adap-
tation (Collard and Mackill 2008). Genotyping-by-sequencing (GBS)
can accelerate the development of high-density markers for ge-
netic diversity studies and MAS (Elshire et al. 2011). In sorghum,
global and regional diversity have been studied using high-density
GBS markers (Morris et al. 2013a; Leiser et al. 2014; Lasky et al.
2015). However, most studies of local diversity in African sorghum
were performed using low-density markers (Deu et al. 2010;
Barro-Kondombo et al. 2010; Ng’uni et al. 2011). Strong population
structure has been observed across agroclimatic zones in Niger
(Deu et al. 2010). High-density GBS markers could help identify
loci underlying local adaptation and farmer preference, and facil-
itate development of genomic tools for MAS.
Genome scans of diverse crop germplasm can identify loci under
natural andhuman selection (Lasky et al. 2015; RomeroNavarro et al.
2017). In Nigerien sorghum, we hypothesize that adaptation to agro-
climatic zones has acted on loci controlling maturity and grain pig-
mentation. To characterize population structure and identify
genomic regions associatedwith local adaptation and farmer pref-
erences, we characterized 516 accessions of Nigerien sorghum
germplasm at 144 299 SNPs. We performed the genome scans to
identify genome regions associated with local adaptation and
Fig. 1. (A) Map of Niger with precipitation gradient colored in grey. The points represent the georeferenced accessions and each color
represents the botanical race of the accession. The precipitation gradient, decreasing from south to north, reﬂects the agroclimatic zones. The
highest precipitation is in the southwestern part of the country. Agroclimatic zones key: Sa, Saharian; Sl, Sahelian; Sl–Sd, Sahelo–Soudanian;
and Sd, Soudanian. (B) Density plot of the botanical races according to annual precipitation for each accession. Different lowercase letters (a, b)
represent signiﬁcant differences in annual precipitation (at the site of collection) among accessions from each botanical race.
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farmer preferences that can be used in breeding for climate-
resilient, locally preferred varieties.
Methods
Genetic materials
The collection is composed of 520 Nigerien accessions that were
collected in 1976 (Borgel and Sequier 1977). This collection was
obtained from United States National Plant Germplasm System
(NPGS) along with passport data for each accession including
local variety name, botanical race, latitude, and longitude co-
ordinates. Precipitation maps were created using average an-
nual precipitation from 1960–1990 obtained from WorldClim 1.4
using raster package in R (Hijmans et al. 2005; R Core Team 2013;
Hijmans 2016) (Fig. 1). Two weeks after planting in the greenhouse,
516 accessions successfully germinated (File S12). Fresh leaf tissue
(50 mg) was collected for each accession and transferred into a
96-deep well plate. Each plate contains 95 samples, with an empty
well as the control. Tissuewas lyophilized (Labconco Freeze Dryer)
for two days and then grounded using a 96-well plate plant tissue
grinder (RetschMixerMill). Genomic DNAwas extracted using the
BioSprint 96 DNA Plant Kit (QIAGEN), quantiﬁed using Quant-iT™
PicoGreen® dsDNA Assay Kit, and normalized to 10 ng/uL.
Genotyping-by-sequencing (GBS)
GBS method (Elshire et al. 2011) was used for this study. DNA
libraries were ﬁrst digested using ApeKI restriction enzyme (NEB
2Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-2017-0131.
Fig. 2. Comparison of the Nigerien and the global diversity (SAP) accessions. (A) Neighbor-joining tree of 872 accessions including both
Nigerien and SAP accessions. The grey lines represent the SAP (356 accessions) and the black lines represent the Nigerien germplasm
(516 accessions). The grey arrows represent the Nigerien accessions in SAP: Mota Maradi (PI656050), El Mota (PI656035), SRN39 (PI656027),
MR732 (PI656051), and Sepon 82 (PI656024). The grey points represent the SAP accessions (PI656066, PI597972, PI597973, PI655981, PI533882,
PI656077, PI656115) that are found within Nigerien clusters. (B) The same neighbor-joining tree of 872 accessions (including both Nigerien and SAP
accessions) color-coded by botanical race.
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R0643L) and ligated with the barcode and common adapters using
T4 DNA ligase (NEB M0202L). Ligated libraries were pooled (96-plex
libraries) before PCR ampliﬁcation. Libraries were puriﬁed with
QIAquick PCR puriﬁcation kit and a Bioanalyzer (Agilent Technolo-
gies 2100) was used to determine the library size distribution. The
384-plex library was obtained after pooling four 96-plex libraries.
Sequencing was performed using single end 100-cycle sequencing
with Illumina HiSeq2500 (University of Kansas Medical Center).
TASSEL3 GBS pipeline (Glaubitz et al. 2014) was used to call
SNP genotypes. The tags were aligned with the sorghum refer-
ence genome version v3.0 (https://phytozome.jgi.doe.gov) using
Burrows–Wheeler Aligner (Li and Durbin 2010), and SNPs were
ﬁltered at minor allele frequency (MAF) < 0.01. Missing genotypes
were imputed with Beagle (Browning and Browning 2007) using
default settings. For comparison with the Nigerien germplasm,
published raw GBS sequence data for the global Sorghum Associ-
ation Panel (SAP) (n = 356) were obtained (Morris et al. 2013a). We
then combined both raw sequences from fastq format and re-
called the SNPs.
Genomic analysis
To determine genetic relatedness among accessions, neighbor-
joining analysis was performed using ape package in R (Paradis
et al. 2004; R Core Team 2013). Genetic groups were inferred using
the discriminant analysis of principal component (DAPC) package
Adegenet in R (Jombart and Ahmed 2011; R Core Team 2013) using
the Bayesian Information Criterion (BIC), criterion = “goodﬁt”,
n.iter = 1e5, and n.start = 1000. To characterize SNP variation, we
used VCFtools (Danecek et al. 2011). We estimated minor allele
frequency, nucleotide diversity, Tajima’s D, and F-statistics (Weir
and Cockerham 1984) between botanical races, and local varieties.
For comparison with genome-wide scans, we develop a list of a
priori candidates genes for some traits (maturity, plant height,
grain tannins, and stay-green) that have been implicated in agro-
Fig. 3. Population structure of the Nigerien germplasm using discriminant analysis of principal components (DAPC). Scatter plot of the
principal components, with ﬁrst and second components (A) and third and fourth components (B) that identify six genetic groups. (C) Density
plot of the genetic groups according to annual precipitation for each accession. Different lowercase letters (a, b) represent signiﬁcant
differences among groups. (D) Maps of Niger with the collection location of accessions for each genetic group. For A–C, botanical race for each
accession is noted by shape and genetic group is noted by color. (E) Genome scan of the loadings from the ﬁrst principal component. The
x-axis represents the position of each SNP on the chromosomes and the y-axis the loadings values. The colored points represented highly
differentiated genome regions (top 0.1% of SNPs). The dashed vertical lines represent a priori candidate genes.
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climatic adaptation in sorghum and other cereals (File S22) (Wu
et al. 2012; Borrell et al. 2014; Lasky et al. 2015; Romero Navarro
et al. 2017). Among the candidate genes, we refer to those identi-
ﬁed based on synteny as orthologs (Schnable and Freeling 2011),
while we refer to those based on high pairwise similarity in
Phytozome as putative orthologs (https://phytozome.jgi.doe.
gov). To identify SNP markers associated with environmental
variables, we performed genome-wide association studies (GWAS)
using the GAPIT regular mixed linear model (MLM) method
(Lipka et al. 2012). Annual precipitation and annual mean temper-
ature for each accession were obtained from WorldClim 1.4 using
raster package in R (Hijmans et al. 2005; R Core Team 2013).
Results
A genome-wide map of SNP variation for Nigerien sorghum
We discovered 158 019 SNPs in the Nigerien sorghum germ-
plasm. After removing 13 720 monomorphic SNPs (8.7%), we
Table 1. Summary table of the genetic groups inferred by discriminant analysis of principal components (DAPC).
Botanical race Kernel color Main local names
Group Number B C D G CB CD CG B R Y W M J B A S
I 95 4 32 — 7 12 4 8 15 2 17 46 2 2 1 7 3
II 74 1 15 — — 44 4 — 62 — 2 2 16 1 3 — —
III 87 4 12 9 — 5 37 — 36 2 9 26 1 7 — 27 1
IV 158 2 18 11 — 33 74 — 79 3 10 46 14 — 25 2 —
V 77 1 49 — — 3 4 — 30 2 3 28 1 24 — — —
VI 25 — — — 16 — — 1 5 — 12 2 — — — — 13
Note: Botanical race key: B, bicolor; C, caudatum; D, durra; G, guinea; CB, caudatum–bicolor; CD, caudatum–durra; CG, caudatum–guinea. Kernel color key:
B, brown; R, red; Y, yellow; W, white. Main local names key: M, Mota; J, Jenjari; B, Babadia; A, Amo Koire; S, Sokombe.
Fig. 4. Genome scan for differentiation among botanical races. (A) Map of Niger with the georeferenced accessions for each botanical race. (B)
FST and Tajima’s D genome scans for the botanical races. The x-axis represents the chromosomes and the ﬁrst y-axis the FST values. Each point
represents the SNP marker. The top 0.1% was used to set the threshold. The colors represent the SNPs above the threshold comparing one
botanical race compared to the ﬁve others. FST was calculated using Weir and Cockerham’s method. The second y-axis represents the Tajima’s
D average of 100 kb window size.
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Fig. 5. Genomic differentiation among the varieties with different local varieties. (A) Summary table of the 11 most common local varieties
with their number of accessions with local name, botanical races, and kernel colors number. The color gradient shows the scale of the
occurrence for each column. (B) Heatmap of genetic differentiation (FST) values among local varieties. The FST varies from less differentiated
(white) to highly differentiated (dark grey). Sokombe (guinea race) appeared the most differentiated among the local varieties. (C) Map of
Niger with the georeferenced accessions for Mota and Jenjari. (D) FST and Tajima’s D genome scans between Mota and the 10 local varieties,
Jenjari and the 10 local varieties, and Mota and Jenjari. (E) FST and Tajima’s D genome scans for the Tannin 1 region between Mota and Jenjari.
The x-axis represents the chromosomes and the ﬁrst y-axis the FST values. Each point represents a SNP marker. The top 0.1% was used to set
the threshold. The colors represent the SNPs above the threshold that differentiated the local varieties. FST was calculated using Weir and
Cockerham’s method. The second y-axis represents the Tajima’s D average of 100 kb window size. Botanical race key: B, bicolor;
C, caudatum; D, durra; G, guinea; CB, caudatum–bicolor; CD, caudatum–durra; CG, caudatum–guinea. Kernel color key: B, brown; R, red;
Y, yellow; W, white.
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retained 144 299 SNPs. The average Tajima’s D across all the
germplasm is 0.36 and the nucleotide diversity () is 0.00010 (av-
eraged over 1 kb windows) after removing the singletons. By con-
trast, the average Tajima’sD of the Nigerien diversity alone is 0.51,
and the nucleotide diversity () is 0.00046. To better understand
the genetic structure of Nigerien germplasm relative to global
sorghum diversity, diversity analysis and neighbor-joining analy-
sis were conducted with 473 279 SNPs for the Nigerien germplasm
and global diversity panel (SAP) (Casa et al. 2008; Morris et al.
2013a).
Nigerien germplasm forms several clusters relative to global
diversity (Fig. 2A). The SAP accessions El Mota and Mota Maradi
(local varieties from Niger in SAP) grouped with the Nigerien lan-
draces germplasm. By contrast Sepon82, SRN39, and MR732 (non-
Nigerien varieties/lines released in Niger) grouped with east African
accessions. Figure 2B shows the same neighbor-joining tree color
coded by botanical race. The caudatum race was composed of two
clusters with one cluster mainly consisting of SAP accessions and
the other with Nigerien germplasm. Neighbor-joining analysis of
Nigerien germplasm without the SAP shows two durra–caudatum
clusters, two caudatum clusters, and one guinea cluster (Fig. S12).
Population structure
To characterize the genetic structure we performed DAPC,
which identiﬁed six genetic groups (I–VI) (Figs. 3A, 3B). The ge-
netic groups explained 99% of the SNP variation in ﬁve principal
components (PCs) (Fig. S22). The ﬁrst and the second components,
which capture 44% and 18% of variation, respectively, separate
groups I–V from group VI (Fig. 3A). The third, fourth, and ﬁfth
components explained 15%, 14%, and 9% of the total variation,
respectively, and separate groups I–V from each other (Fig. 3B).
We hypothesized that genetic groups reﬂect to population
structure across the agroclimatic zones. We tested relationship
between the genetic groups and annual precipitation using anal-
ysis of variance (ANOVA) and found a signiﬁcantly higher annual
precipitation for groups I and VI versus groups II–V (P-value <0.05)
(Fig. 3C). Consistent with this ﬁnding, we observed strong geo-
graphic clustering when the accessions were mapped by group
(Fig. 3D). Genome scan of loadings on the ﬁrst principal compo-
nent identiﬁes multiple genome regions that are highly differen-
tiated (top 0.1% of SNPs) on each chromosome (Fig. 3E; File S32).
Some of these loading peaks colocalize (within 200 kb) with a
priori candidate genes for maturity (PhyB, GI, abph1, and Vgt1)
(Zhang and Yuan 2014).
To further characterize the genetic groups, we summarized ker-
nel color, botanical race, and other traits for each group (Table 1).
Group I (95 accessions) ismostly represented by guinea–caudatum
and caudatum–bicolor races. Majority of the accessions in this
group have a white kernel color with a predominance of Farfara
(Hausa name), Amo Koire (Zarma name), and Gaberi Boul (Kanuri
name), whose names indicate the white kernel color. Group II
(74 accessions) is predominantly caudatum–bicolor accessions.
Themain kernel color in this group is brown, andMota is themost
frequent local variety. Group III (87 accessions) is predominantly
durra–caudatum accessions with a mix of brown and white ker-
nel color. Most frequent local variety in group III is Amo Koire
(27 accessions of 87 accessions). Group IV (158 accessions) is pre-
dominantlydurra–caudatumaccessions. Babadia (25accessions) (Hausa
name) and Mota (14 accessions) are the frequent local varieties in
group IV. Group V (77 accessions) is mostly represented by cauda-
tum accessions from central Niger with a mix of brown and white
kernel color. Jenjari (Hausa name) is themost common in groupV.
Group VI (25 accessions), which is the most differentiated from
other groups, hasmost of the accessions from southwestern Niger
(21 of 25). Sokombe (Zarma name, guinea botanical race) is the
major local variety found in group IV.
Pairwise FST estimates among botanical races and local
varieties
To better understand the genetic differentiation among botan-
ical races, we performed FST genome scan for each botanical race
Fig. 6. Genome-wide association studies of environmental variables. (A) Manhattan plot for annual mean temperature. (B) Manhattan plot for
annual precipitation. The x-axis represents the chromosomes and the y-axis the –log10 (P-values) for marker–trait association. Each point
represents the SNP marker. The threshold is set based on the Bonferroni correction of the P-values. The dashed lines represent a priori
candidate genes.
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and evaluated the Tajima’s D based on 100 kb window size for the
botanical races (Fig. 4). We considered the six most common bo-
tanical races and intermediates (Fig. 4A). Durra, caudatum, and
durra–caudatum accessions show low FST values across the ge-
nome with some distinct FST peaks. In contrast, guinea, guinea–
caudatum, and bicolor have high FST throughout the genome
(Fig. 4B). The overall Tajima’s D averaged over the 100 kb windows
is 0.83.
Next, we cataloged the 11 most common local varieties (with
>10 accessions) (Fig. 5A) and characterized genetic differentiation
(pairwise FST) among these varieties (Fig. 5B; File S32). Sokombe, a
guinea variety, is highly differentiated from all others. In con-
trast, the caudatum variety Mota is less differentiated from oth-
ers, including Babadia, Bazanga, Bogoba, Fara Dawa, and Lalla.
Based on these results, we investigated speciﬁc loci that may be
involved in this differentiation, focusing on the two most com-
mon local varieties, Mota and Jenjari. Accessions of Mota and
Jenjari both originate from central Niger, where annual precipi-
tation is 400–600 mm (Fig. 5C).
We identiﬁed regions with high FST values (top 0.1% of SNPs)
highlighting the differentiation between Mota versus all other
local varieties, Jenjari versus all other local varieties, and Mota
versus Jenjari (Fig. 5D; File S32). We plotted the Tajima’s D (100 kb
windows) for the local varieties and identiﬁed genomic regions
with high and low values (Fig. 5D). The FST estimates between
Mota and other frequently observed local varieties are relatively
less differentiated, but speciﬁc loci were found above the thresh-
old with less differentiation across the genome. In contrast, Jen-
jari appears highly differentiated with a threshold FST value of
0.75. Mota and Jenjari have substantial differentiation across
the genome, including near the major grain pigmentation gene
Tannin1 (Wu et al. 2012) with Tajima’s D of 1.9 near the genomic
region (Fig. 5E).
Genome-wide association studies for environmental
variables
To further identify the genomic regions underlying local climate
adaptation in the Nigerien germplasm, we performed genome-
wide association scan for annual mean temperature and annual
precipitation (Fig. 6). For annual mean temperature we found
signiﬁcant associations at two loci (5 SNPs) on chromosome 1
(S1_7769638, S1_7769764, S1_59520997, S1_59654095, S1_59654013) and
one locus on chromosome 3 (S3_67229110) (Fig. 6A; File S32). For
annual precipitation, there were several association peaks but
none exceeded the Bonferroni signiﬁcance threshold (Fig. 6B).
Discussion
The structure of genomic diversity in Nigerien sorghum
The comparison of the Nigerien collection to the global sor-
ghum association panel SAP (Fig. 2A) helps to characterize the
diversity of released varieties in Niger relative to local landraces
and global sorghum diversity. As expected, the landrace-derived
Nigerien varieties in the SAP (El Mota and Mota Maradi) clustered
with Nigerien caudatum landraces. MR732 (parent of the NAD1
hybrid), Sepon82, and SRN39 clustered with other germplasm
from ICRISAT, along with East African caudatum accessions,
which were major contributors to the ICRISAT breeding program
(Vaidya et al. 1988; Bantilan et al. 2004). Together, these results
demonstrate that the released sorghum varieties in Niger reﬂect
much, but not all, of the genetic diversity of landraces in Niger.
Future studies that include other released varieties (e.g., SSD-35,
MDK, and S39) (Ministère de l’agriculture du Niger 2012) and
breeding lines will be needed to evaluate the existing diversity in
the breeding program and prioritize efforts to increase genetic
diversity (Jordan et al. 2011).
The neighbor-joining tree for the Nigerien germplasm (Fig. S12)
shows clusters separated by botanical races and geography. This is
consistent with previous studies that have shown that sorghum
populations in Niger, and in Africa more broadly, are structured
according to farmer preferences and agroclimatic zones (Barnaud
et al. 2007; Deu et al. 2010; Labeyrie et al. 2014). The DAPC analysis
(Fig. 3) separates guinea (from the southwestern part of Niger,
which receives the greatest annual precipitation) from the other
groups. Surprisingly, we also observed two distinct groups of cau-
datum (groups I and V) and two distinct groups of durra–caudatum
(groups III and IV). Both caudatum groups are found in central
Niger, in apparent sympatry, yet are genetically distinct. The ge-
netic differentiation may be due to the lack of gene ﬂow between
the groups, where group V, mostly composed of Jenjari variety
(Fig. 5A; Table 1), is cultivated in distant ﬁelds compared to group I
due to its tannin content which prevents bird predation in unat-
tended ﬁelds (Doggett 1988). In addition, group V accessions (the
dark-kernel caudatums) are more commonly found in high rain-
fall areas than group I accessions (light-kernel caudatums), con-
sistent with natural selection favoring tannins in humid areas
(Lasky et al. 2015).
Similarly, ethnic groups and geographical origin may inﬂuence
population structure (Labeyrie et al. 2014; Westengen et al. 2014).
The two durra–caudatum groups are geographically distant and
have local varieties of Hausa and Zarma names. Group III is pre-
dominantly found in the western part of the country, with Amo
Koire as local variety whereas Group IV is found in the central part
with Babadia as local variety. In contrast, some local varieties are
found in multiple groups suggesting that the population struc-
ture is affected by other factors such as seed exchange and food
preferences (Deu et al. 2008, 2010).
Genomic regions underlying local adaptation and farmer
preferences
To identify genomic regions associated with local adaptation
and farmer preferences, we performed a variety of genome scans.
The SNP S9_2371665 (C/G) on chromosome 9 has the highest DAPC
loading coefﬁcient among all the SNPs (Fig. 3E). The minor allele
frequency is 0.38 for the G allele compared to the C allele (0.62).
Interestingly, this SNP is located 200 kb from the putative
ortholog of the maize Vgt1 gene (Ducrocq et al. 2008), a ﬂower-
ing time gene associated with maize adaptation. Another SNP,
S6_51192692 (MAF = 40%) among the top 0.1% on chromosome 6,
was found close to the Sobic.006G151800 (61 kb), the ortholog of
themaize abph1 gene for ﬂoral regulation (Jackson and Hake 1999;
Giulini et al. 2004). This suggests that Vgt1 and abph1 are promising
candidates for future studies of late-maturity adaptation in guinea
sorghum of the Sudanian zone (Deu et al. 2008).
Early maturity is often favored in the Sahelian due to a short
rainy season. For instance, Mota (which means “car” in multiple
languages in Niger) is early maturing relative to other local lan-
draces (Ejeta and Gressel 2007). The SNP on chromosome 9
(S9_57517028, FST = 0.43, MAF = 13%), identiﬁed from the FST ge-
nome scan between Mota and other local varieties (Fig. 5D), is
colocalized with SbFL9.1, a major QTL underlying ﬂowering time
in global sorghum germplasm (Thurber et al. 2013; Bouchet et al.
2017).
Kernel color is another main characteristic that guides small-
holder farmer’s selection (Mekbib 2007). For instance, white grain
sorghums have local varieties in different languages of Fara Dawa
(Hausa), Farfara (Hausa), Gaberi Boul (Kanuri), and Amo Koire
(Zarma) whereas red grain sorghums have local varieties of Jenjari
(Hausa), Gaberi Kime (Kanuri), and Ja Dawa (Hausa) names. Kernel
color classiﬁcation from the gene bank demonstrates (Fig. 5A)
that varieties named for red grain (Jenjari, for example) are
230 Genome Vol. 61, 2018
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predominantly brown or red kernel (i.e., dark-grained). The
major gene responsible for grain tannin content variation is
Tannin1 (Sobic.004G280800) on chromosome 4 (Wu et al. 2012;
Morris et al. 2013b; Rhodes et al. 2014). For the genome scan be-
tween sympatric red/brown grain (Jenjari) and Mota varieties
(Fig. 5D), a high FST SNP on chromosome 4 (S4_62359202, FST = 0.47,
MAF = 34%) is close to the Tannin1 gene (43 kb). Similarly, the FST
genome scan between Jenjari and Fara Dawa (white-grained)
showed highly differentiated SNPs near the Tannin1 gene S4_62389180
(FST = 0.47, MAF = 13%), 73 kb from Tannin1 (Fig. S32). Together,
this suggests a history of balancing selection on Tannin1 in Jenjari
due to the farmer practice of planting dark-grained Jenjari in
distant ﬁelds, where high tannin reduces bird predation. In this
case, there is feedback of natural selection (from bird predation)
and human selection (on grain color) acting on Tannin1.
To identify loci that may underlie adaptation to temperature
and precipitation we also performed GWAS on these environmen-
tal variables. We do not ﬁnd any genes in our a priori candidate
list that are very near (<150 kb) to the signiﬁcant SNPs. For annual
mean temperature, the peak around 7.7 Mbp on chromosome 1
(S1_7769638 and S1_7769764) is400 kb from an a priori candidate
gene, the sorghum ortholog (Sobic.001G140200) of maize ﬂoral reg-
ulator knotted1 (KN1) (Zhang and Yuan 2014) (Fig. 6A; File S22).
While there is no signiﬁcant associations for annual precipita-
tion, this is not surprising since there is low power to detect
climate association with mixed models when population struc-
ture is confounded with climate variables (Lasky et al. 2015). Fur-
ther phenotyping and trait mapping studies will be needed to
conﬁrm if some loci with signatures of selection control ﬂowering
time and kernel color in Nigerien germplasm.
Implications for genomics-enabled breeding for
smallholder farmers
Genomic regions that are highly differentiated among local va-
rieties and botanical races may be useful in marker-assisted selec-
tion for local adaptation. For instance, when a local variety is
crossed with a non-adapted trait-donor line, markers could be
used to screen progeny lines carrying a larger number of alleles
for local adaptation and (or) farmer preference. Local varieties
have been used as recurrent parent in INRAN breeding program
(Kapran et al. 2007). For example, MotaMaradi, a selection ofMota
developed by INRAN, is the second most widely cultivated im-
proved variety in Niger (3.6% of production area) (Walker and
Alwang 2015). The FST estimates between Mota and other local
varieties (Fig. 5D) reveal regions on the genome that are differen-
tiated on chromosomes 3, 5, 7, and 9. When improving Mota,
those regions can be selected to keep its preferred traits while
introgressing new alleles from the donor line.
For some botanical races it is more challenging to prioritize
genomic regions for selection. For instance, the FST for guinea and
guinea–caudatum shows high differentiation across almost the
entire genome (Fig. 4B), consistent with the population differen-
tiation of guinea sorghums relative to all other botanical races
(Figs. 2B, 3A). Thus, it might be easier to select markers across the
genome with durra, caudatum, and their intermediates where
few genome regions are differentiated (Fig. 4B). Although the FST
genome scan for guinea races did not reveal speciﬁc loci under
selection, the DAPC loadings (Fig. 3E), Tajima’s D (Fig. 4), or envi-
ronmental association scans (Fig. 6) may identify loci that control
guinea traits, which could be useful for improving sorghum in
humid regions. Follow-up studies that combine population anal-
yses with quantitative trait analyses should provide a more com-
plete understanding of sorghumadaptation inNiger and facilitate
breeding of locally adapted and farmer-preferred varieties.
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